Wang H, Wang AX, Barrett EJ. Caveolin-1 is required for vascular endothelial insulin uptake. Am J Physiol Endocrinol Metab 300: E134 -E144, 2011. First published October 19, 2010 doi:10.1152/ajpendo.00498.2010.-As insulin's movement from plasma to muscle interstitium is rate limiting for its metabolic action, defining the regulation of this movement is critical. Here, we address whether caveolin-1 is required for the first step of insulin's transendothelial transport, its uptake by vascular endothelial cells (ECs), and whether IL-6 and TNF␣ affect insulin uptake or caveolin-1 expression. Uptake of FITC-labeled insulin was measured using confocal microscopy in control bovine aortic ECs (bAECs), in bAECs in which caveolin-1 was either knocked down or overexpressed, in murine ECs from caveolin-1 Ϫ/Ϫ mice and in bAECs exposed to inflammatory cytokines. Knockdown of caveolin-1 expression in bAECs using specific caveolin-1 siRNA reduced caveolin-1 mRNA and protein expression by ϳ70%, and reduced FITC-insulin uptake by 67% (P Ͻ 0.05 for each). Over-expression of caveolin-1 increased insulin uptake (P Ͻ 0.05). Caveolin-1-null mouse aortic ECs did not take up insulin and re-expression of caveolin-1 by transfecting these cells with FLAG-tagged caveolin-1 DNA rescued FITC-insulin uptake. Knockdown of caveolin-1 significantly reduced both insulin receptor protein level and insulin-stimulated Akt1 phosphorylation. Knockdown of caveolin-1 also inhibited insulin-induced caveolin-1 and IGF-1 receptor translocation to the plasma membrane. Compared with controls, IL-6 or TNF␣ (20 ng/ml for 24 h) inhibited FITC-insulin uptake as well as the expression of caveolin-1 mRNA and protein (P Ͻ 0.05 for each). IL-6 or TNF␣ also significantly reduced plasma membraneassociated caveolin-1. Thus, we conclude that insulin uptake by ECs requires expression of caveolin-1 supporting a role for caveolae mediating insulin uptake. Proinflammatory cytokines may inhibit insulin uptake, at least in part, by inhibiting caveolin-1 expression. caveolae; proinflammatory cytokine; insulin uptake; endothelial cells FOR INSULIN TO STIMULATE skeletal muscle glucose metabolism, it must first access and then traverse muscle's vascular endothelium. Work from several laboratories has shown that insulin delivery from plasma to the interstitial fluid compartment of skeletal muscle is a rate-limiting step in insulin's peripheral action (23, 51) . Muscle blood flow (3), flow distribution(46), and the transendothelial insulin transport (TET) (19, 47) all contribute to insulin delivery. Insulin's action to increase muscle blood flow and recruit microvasculature indicates that insulin promotes its own delivery. Insulin delivery to muscle interstitium is delayed in insulin-resistant subjects, suggesting that vascular insulin resistance contributes to muscle metabolic insulin resistance (24, 43) . Although insulin's vasodilatory effects occur via enhanced nitric oxide production (3, 46), the pathways involved in transendothelial insulin transport and the factors that might contribute to it being slowed by insulin resistance are not clear. Insulin uptake, the first step of TET, is an insulin receptor-mediated process and closely related to subsequent transendothelial transport (39, 47, 49). We and others (39, 47) have previously shown that filipin, a detergent that disrupts lipid rafts, reduces insulin uptake, consistent with involvement of caveolae in insulin transendothelial transport. However, this cholesterol interacting detergent also affects non-caveolae lipid rafts, and other nonspecific effects cannot be excluded.
FOR INSULIN TO STIMULATE skeletal muscle glucose metabolism, it must first access and then traverse muscle's vascular endothelium. Work from several laboratories has shown that insulin delivery from plasma to the interstitial fluid compartment of skeletal muscle is a rate-limiting step in insulin's peripheral action (23, 51) . Muscle blood flow (3), flow distribution (46) , and the transendothelial insulin transport (TET) (19, 47) all contribute to insulin delivery. Insulin's action to increase muscle blood flow and recruit microvasculature indicates that insulin promotes its own delivery. Insulin delivery to muscle interstitium is delayed in insulin-resistant subjects, suggesting that vascular insulin resistance contributes to muscle metabolic insulin resistance (24, 43) . Although insulin's vasodilatory effects occur via enhanced nitric oxide production (3, 46) , the pathways involved in transendothelial insulin transport and the factors that might contribute to it being slowed by insulin resistance are not clear. Insulin uptake, the first step of TET, is an insulin receptor-mediated process and closely related to subsequent transendothelial transport (39, 47, 49) . We and others (39, 47) have previously shown that filipin, a detergent that disrupts lipid rafts, reduces insulin uptake, consistent with involvement of caveolae in insulin transendothelial transport. However, this cholesterol interacting detergent also affects non-caveolae lipid rafts, and other nonspecific effects cannot be excluded.
Insulin resistance is closely associated with low-grade chronic "inflammation" characterized by abnormal cytokine production (33) . Tumor necrosis factor-␣ (TNF␣) induces vascular insulin resistance both in vivo (53) and in vitro (20) by interfering with vascular endothelial cell (EC) insulin signaling.
Caveolin-1, a 21-kDa integral membrane protein, is required for caveolae formation (36) . Downregulation of caveolin-1 expression has been reported to significantly reduce albumin uptake by ECs (41) . However, the impact of altering caveolin-1 expression on insulin transport has not been identified.
In the present study, we sought to determine the involvement of caveolin-1 in insulin uptake by ECs and test whether experimental insulin resistance, produced by IL-6 or TNF␣ affected caveolin-1 abundance and insulin uptake. TNF␣ was chosen because of its demonstrated effect to produce vascular insulin resistance (see above). IL-6 was examined because in muscle it is induced by exercise and its effect on insulin sensitivity is controversial (5) , with studies showing beneficial metabolic effects (30) and studies linking it to insulin resistance, obesity, and type 2 diabetes (10, 31, 32) . The effect of IL-6 on insulin uptake had not previously been examined.
MATERIALS AND METHODS
Cell culture. Bovine aorta ECs (bAECs; BioWhittaker, Walkersville, MD; passage nos. 2-8) and caveolin-1 Ϫ/Ϫ mouse aortic ECs (MAECs; passage nos. 5-7; a gift from Dr. Martin A. Schwartz, University of Virginia) were grown in EGMMV and EGM-2 medium, respectively in eight-well slide chambers for immunocytochemical staining or in six-well plates for Western blot (see below).
Small interfering RNA design and transfection. A specific small interfering RNA (siRNA) duplex was designed as described previously (50) and purchased from Dharmacon (Lafayette, CO) along with a scrambled control siRNA (siCONTROL Non-Targeting siRNA #3). BAECs were seeded and transfected with siRNA duplex to a final concentration of 30 nM (or as noted) using oligofectamine (Invitrogen, Carlsbad, CA) when cells reached 30 -50% confluence. Fortyeight hours after transfection, cells were serum starved followed by treatment with 50 nM insulin for 30 min. Cells were then either fixed with cold methanol for 10 min at Ϫ20°C before immunocytochemical staining (see below) or washed twice with ice-cold 1ϫ PBS solution and lysed in ice-cold lysis buffer (50 mM Tris·HCl, pH 7.5, 150 mM NaCl, 1% NP40, 0.25% sodium deoxycholate, 1 mM EGTA, 1 mM sodium orthovanadate, 1 mM NaF, 1 g/mL aprotinin, 1 g/ml leupeptin, 1 g/ml pepstatin, and 1 mM phenylmethylsulfonyl fluo-ride). Cell lysates were centrifuged for 10 min at 4°C (14,000 g), and the supernatants were used for Western blotting (see below).
DNA constructs and transfection. A plasmid encoding FLAGtagged wild-type caveolin-1 was obtained from Dr. Martin A. Schwartz (8) . The plasmid DNA for transfections was purified by EndoFree Plasmid Maxi kit (Qiagen). The proper orientation and sequence were verified by sequencing. The caveolin-1 Ϫ/Ϫ MAECs were grown to ϳ70% confluence in eight-well slide chambers and then transfected with 0.4 g of total DNA using Lipofectamin2000 according to the manufacturer's instructions (Invitrogen). Forty-eight hours after transfection, cells were serum starved for 6 h followed by incubation with 50 nM FITC-insulin for 30 min, as described above.
Proinflammatory cytokine treatment. The bAECs were incubated in serum-free basal medium for 24 h in the presence or absence of TNF␣ (20 ng/ml) or IL-6 (20 ng/ml) (37) (Sigma-Aldrich, St. Louis, MO) and then treated with either 50 nM FITC-insulin (Molecular Probes, Eugene, OR) or regular insulin (Humulin R, Eli Lilly, Indianapolis, IN) for 30 min at 37°C as described above.
Western blotting. Equal protein-containing cell lysates were diluted with 6ϫ sample buffer (375 mM TrisHCl, pH 6.8, 12% SDS, 60% glycerol, 300 mM DTT, 0.06% bromophenol blue), and boiled for 5 min. The loaded samples were then electrophoresed on polyacrylamide gels and transferred to nitrocellulose membranes. After being blocked with 5% low-fat milk in Tris-buffered saline plus Tween 20, membranes were incubated with antibody against caveolin-1 (Santa Cruz Biotechnology, Santa Cruz, CA), or insulin receptor (IR)␤, or IGF-IR␤ (Santa Cruz Biotechnology), phospho-Akt1 (Ser 473 ; Upstate Cell Signaling, Lake Placid, NY), or total Akt, phospho-ERK1/2 (Thr 202 /Tyr 20 4), or total ERK1/2 (Cell Signaling Technology, Beverly, MA) or ␤-actin or GAPDH (Sigma-Aldrich), respectively, overnight at 4°C. This was followed by incubation with a species-specific secondary antibody coupled to horseradish peroxidase (Amersham Life Sciences, Piscataway, NJ), and the blots were developed using an enhanced chemiluminescence Western blotting kit (Amersham Life Sciences). The developed films were scanned using a densitometer (Molecular Dynamics, Piscataway, NJ) and quantified using ImageQuant 5.0 software. In experiments examining overexpression of caveolin-1 in bAECs, simultaneous detection of caveolin-1 and FLAG was carried out using an Odyssey LI-COR infrared imaging system (LI-COR Biosciences) following the manufacturer's protocols. The primary antibodies used were a mouse monoclonal anti-FLAG (Sigma) and a rabbit polyclonal anti-caveolin-1 (Santa Cruz Biotechnology).
Real-time RT-PCR. Total RNAs were extracted from the cultured bAECs with an RNeasy kit (Qiagen). A total of 2 g of total cellular RNA from each sample was reverse transcribed using the iScript cDNA synthesis kit (Bio-Rad). The cDNA products were then amplified using the iQ SYBR Green supermix and the iCycler apparatus (Bio-Rad). For the amplification of caveolin-1 gene products, the following primers were designed: forward 5=-AGCCCAACAA-CAAGGCTATG-3= and reverse 5=-GATGCCATCGAAACTGT-GTG-3=, and the caveolin-1 mRNA levels were normalized to the housekeeping gene (GAPDH) mRNAs (primers designed: forward 5=-gggtcatcatctctgcacct-3=, and reverse 5=-ggtcataagtccctccacga-3=) (Integrated DNA Technologies, Coralville, IA). Standard curves for each mRNA were generated by serial dilution of cDNA synthesized from the extracted total RNA and were included in each iCycler real-time PCR experiment. The specificity of the desired product was verified by the analysis of the melting curve.
Plasma membrane sheet preparation. Plasma membrane sheets were prepared as previously described (50) . Briefly, bAECs were cultured on a coverslip in the wells of six-well plates and treated as described above. The cells were washed once with ice-cold PBS followed by incubation on ice with 0.5 mg/ml of poly-L-lysine in PBS for 30 s. The cells were then washed three times with ice-cold hypotonic buffer (23 mM KCl, 10 mM HEPES, pH7.5, 2 mM MgCl2, 1 mM EGTA). The swollen cells were then sonicated for 3 s (550 Fisher sonic dismembrator) in ice-cold sonication buffer (70 mM KCl, 30 mM HEPES, pH7.5, 5 mM MgCl 2, 3 mM EGTA, 1 mM DTT, 0.1 mM phenylmethylsulfonyl fluoride) followed by two washes with the ice-cold sonication buffer and used for immunocytochemical staining (see below).
Cell viability tests. To assess any contribution of nonspecific cell injury caused by 24 h of serum-free culture in the presence of either 20 ng/ml IL-6 or 20 ng/ml TNF␣, we used LDH (lactate dehydrogenase) leakage, intracellular ATP concentration (Promega), and trypan blue staining (Mediatech) as measures of cell viability following the manufacturer's protocols.
Immunocytochemistry. After fixation, cells were washed three times in TBS, permeabilized in TBS containing Triton X-100 (0.05%) and 1% horse serum for 30 min at room temperature, and incubated with two different primary antibodies against two different target proteins (double labeling) overnight at 4°C. Primary antibodies used were mouse monoclonal anti-caveolin-1 and rabbit polyclonal antifluorescein (FITC) (Molecular Probes), rabbit polyclonal anti-IR␤ and rabbit polyclonal anti-IGF-IR␤ (Santa Cruz Biotechnology). The cells were washed three times in PBS and then incubated with speciesspecific secondary antibodies conjugated with fluorochrome for 45 min at room temperature. The following secondary antibodies were used: donkey anti-rabbit IgG conjugated to Cy3 and donkey antimouse IgG conjugated to Cy2 (Jackson ImmunoResearch, West Grove, PA). The cells were washed three times in TBS and then coverslipped with the anti-fade mounting medium.
Imaging. The double immunocytochemical labeling was examined simultaneously using a two-color Olympus BX50 WI confocal microscope equipped with Krypton and Argon laser as described previously (47, 49) . An x-y-z axis scanning method was employed. The images were scanned through up to ϫ100 objectives, and stored in 24-bit TIFF format. To demonstrate that the specific immunoreactivity was located within cells, a series of optical sections at a step size of 0.6 m was acquired from the top to the bottom of the cells along the z-axis and saved individually. Fluorescence intensity of individual cells reflecting FITC-insulin uptake was quantified using Image J software (National Institutes of Health) as described previously (49) . Briefly, 45 cells (or as noted) were measured for each treatment group. All images from each experimental group were processed identically. During image acquisition, the individual microscopic field was selected to include at least 15 cells but was otherwise random. Individual cells were outlined by the polygonal tool, and the integrated fluorescence intensities were measured. To quantify fluorescence intensity of the staining from plasma membrane (PM) sheets, the images from randomly selected microscopic fields containing stained PM sheets were outlined, and the integrated fluorescence intensities were measured using the Image J software as described previously (50) .
Statistical analysis. Data are presented as mean Ϯ SE. Statistical comparisons among different groups were made using one-way ANOVA with post hoc testing performed by the method of StudentNewman-Keuls. Statistical significance was defined as P Յ 0.05.
RESULTS
First, we used siRNA to decrease caveolin-1 mRNA and protein and assess its effect on FITC-insulin uptake by cultured bAECs. Supplemental Fig. 1 illustrates that, compared with the scrambled siRNA control, the caveolin-1 siRNA reduced caveolin-1 expression by ϳ70% by 48 h after transfection as determined by either real-time RT-PCR (Supplemental Fig.  1C ; supplementary materials are found in ther online version of this paper at the Journal website) or Western blot (Supplemental Figure 1A , right, and C show that transfection with caveolin-1 siRNA reduced caveolin-1 staining (P Ͻ 0.05) compared with the scrambled siRNA control. Although delivering scrambled siRNA to bAECs appeared to have a small but significant (P Ͻ 0.05) negative effect on FITC-insulin uptake, knockdown of caveolin-1 significantly reduced FITC-insulin uptake compared with the scrambled controls (P Ͻ 0.05; Fig. 1A, left, and B) . FITCinsulin uptake, assessed by confocal microscopy, does not reflect nonspecific surface binding phenomena (49) but movement to an intracellular locus. The observation that decreasing caveolin-1, an essential structural protein of caveolae (9), simultaneously inhibited insulin uptake is consistent with a role for caveolin-1/caveolae in insulin transport (12, 26) .
Next, we examined the effects of overexpression of caveolin-1 in cultured bAECs on FITC-insulin uptake. As shown in Fig. 2A , the transfection of FLAG-tagged caveolin-1 into the bAECs resulted in expression of FLAG-tagged as well as native caveolin-1 protein (Fig. 2, A and B) . Although in the cells transfected with FLAG-tagged caveolin-1 the endogenous caveolin-1 protein expression appeared to decrease (the mechanism by which this occurred is not clear), the total caveolin-1 expression (endogenous ϩ transfected) significantly increased by over 30% compared with the control (Fig. 2, A and B) . Cells selected for their expressing abundant FLAG-caveolin-1 (as shown by fluorescence with anti-FLAG) had a significant 2.5-fold increased FITC-insulin uptake (Fig. 2C) compared with control cells (P Ͻ 0.05; Fig. 2D ). To further examine the role of caveolin-1 in mediating insulin uptake, we incubated MAECs from caveolin-1 knockout mice with FITC-insulin. The caveolin-1 Ϫ/Ϫ MAECs failed to take up FITC-insulin (supplemental Fig. 2, left) relative to background. However, transfecting these caveolin-1 Ϫ/Ϫ MAECs with FLAG-tagged caveolin-1 DNA restored FITC-insulin uptake (supplemental Fig. 2, right) , again indicating a requirement for caveolin-1 in mediating insulin uptake.
Since caveolin-1 not only plays a role in formation of transporting caveolae but is enriched with insulin receptors (11) and interacts with a variety of signaling molecules through its scaffolding domain (34), we examined whether decreasing caveolin-1 interfered with insulin signaling, thereby affecting insulin uptake. Figure 3A shows that insulin treatment for 30 min did not significantly change the caveolin-1, IR, or IGF-1R content in either nontransfected bAECs or the cells transfected with either caveolin-1 siRNA or control siRNA (P Ͼ 0.05 for each). Knockdown of caveolin-1 (Fig. 3B ) significantly decreased cellular IR (P Ͻ 0.05; Fig. 3C ) but not IGF-1R (Fig.  3D ) protein (P Ͼ 0.05). We also observed that downregulating caveolin-1 decreased insulin-induced phosphorylation of Akt1 compared with either nontransfected or scrambled siRNA transfected group (P Ͻ 0.05 for each). Compared with the scrambled siRNA control group, insulin stimulation resulted in only a weak (P Ͼ 0.05) increase in phosphorylation of Akt1 in the caveolin-1 siRNA group (Fig. 3E) . Curiously, we found that delivering either specific siRNA against caveolin-1 or scrambled siRNA significantly increased basal ERK1/2 phosphorylation, and adding insulin had no further effect (Supple- Fig. 2 . Overexpression of FLAG-tagged caveolin-1 in bAECs enhanced FITC-insulin uptake. Top: 48 h after bAECs Ϯ transfection with FLAG-tagged WT caveolin-1 DNA, cells were processed for simultaneous detection of caveolin-1 and FLAG using an Odyssey LI-COR infrared imaging system. A: representative blots. B: quantification of changes (n ϭ 3). Each bar represents a summation of endogenous caveolin-1 and FLAG-caveolin-1. Bottom: 48 h after bAECs Ϯ transfection with FLAG-tagged caveolin-1 DNA, cells were serum starved for 6 h followed by treatment with 50 nM FITC-insulin for 30 min. Cells were doubly immunostained for FITC and FLAG. C: representative confocal images (single optical sections) stained using anti-FITC (red, revealed by Cy3) and anti-FLAG (green, revealed by Cy2) primary antibodies. D: average fluorescent intensity of individual cells measured by Image J software (n ϭ 24; counting 8 cells randomly selected from either the control group or FLAG-tagged caveolin-1-transfected group in each of 3 independent experiments). In the FLAG-tagged caveolin-1-transfected group, only strongly FLAG-positive cells were selected for counting. CAV1, caveolin-1; WT-CAV1, FLAG-tagged WT caveolin-1.*P Ͻ 0.05 vs. control group. mental Fig. 3 ). This suggests that the transfection process per se had a nonspecific stimulatory effect on ERK1/2 phosphorylation, and this might have impeded our detecting any further insulin-stimulated phosphorylation of this kinase. These data suggest that knockdown of caveolin-1 might, at least in part, impair intracellular insulin signaling.
We also examined the effects of knockdown of caveolin-1 on the localization of both IR and IGF-1R at the PM by using PM sheet preparations (50) . Figure 4 (also see Supplemental  Fig. 4) shows that with 6-h serum starvation, knockdown of caveolin-1 significantly reduced the amount of caveolin-1 at the PM (50) compared with the scrambled siRNA control (Fig.   Fig. 3 . Effects of knockdown of caveolin-1 on insulin receptor (IR) or IGF-I receptor (IGF-1R) protein level and insulin-stimulated Akt1 phosphorylation. bAECs Ϯ transfection of either caveolin-1-siRNA or scrambled siRNA (control) duplex were serum starved for 6 h followed by Ϯinsulin treatment for 30 min, and then cell lysates were separated on a 4 -20% Tris·HCl Criterion precast gel. A: representative blots. B: quantification of caveolin-1. *P Ͻ 0.05 vs. controls in both nosiRNA and control siRNA groups, respectively. C: quantification of IR. *P Ͻ 0.05 vs. controls in both no-siRNA and control siRNA groups, respectively. D: quantification of IGF-1R. E: quantification of phospho-Akt1. *P Ͻ 0.05 vs. insulin-free control, both insulin free and insulin stimulated, in caveolin-1 siRNA group and insulin free in control siRNA group, but P Ͼ 0.05 vs. insulin-stimulated in control siRNA group, respectively; #P Ͻ 0.05 vs. insulin-free control and both insulin-free and insulin-stimulated in caveolin-1 siRNA group, respectively. Blots are representative of 4 -6 independent experiments. NS, not significant statistically.
4A), but the localization of IR to the PM appeared not to be significantly affected by either insulin treatment or the downregulation of caveolin-1 (Fig. 4B ). However, with this period of serum starvation (6 h), insulin treatment induced a significant increase of IGF-1R in the PM, and knockdown of caveolin-1 eliminated the insulin's effect (Fig. 4C) . It has been reported that the IGF-1Rs are as much as 10-fold more abundant than IRs in vascular ECs (1). The low IR abundance expressed in ECs may have limited our ability to detect changes with this PM sheet preparation. These data, in aggregate, suggest that the inhibition of insulin uptake caused by downregulation of caveolin-1 expression may be mainly due to reduction of transporting cavaolae, but the reduction of both IR expression and insulin-induced Akt phosphorylation by knockdown of caveolin-1 might also contribute to the reduced FITC-insulin uptake.
We next examined the effects of 20 ng/ml IL-6 or 20 ng/ml TNF␣ for 24 h (37) on FITC-insulin uptake. Figure 5 shows that IL-6 treatment nearly completely abolished FITC-insulin uptake and TNF␣ treatment reduced FITC-insulin uptake by ϳ70% (P Ͻ 0.05 for each). These effects of IL-6 or TNF␣ to inhibit insulin uptake did not appear to be secondary to loss of cell viability. Compared with control cells, there were no significant changes in LDH leakage (Supplemental Fig. 5A ), intracellular ATP content (Supplemental Fig. 5B ), or trypan blue staining (not shown) after treatment with either cytokines.
We next examined caveolin-1 expression by the bAECs treated with either IL-6 or TNF␣. Figure 6 shows that, compared with the control, IL-6 and TNF␣ each inhibited both caveolin-1 mRNA (Fig. 6A ) and its protein expression (Fig.  6B ) by ϳ50% as well as the caveolin-1 amount on the PM (Fig.  6, C-E) irrespective of whether insulin was present (P Ͻ 0.05 for each). The finding that both insulin uptake and caveolin-1 expression are impaired by IL-6 and TNF␣ suggests that these agents may inhibit insulin uptake, at least in part, by impairing caveolin-1 synthesis.
DISCUSSION
The findings presented here provide substantial evidence that caveolin-1 is required for normal insulin uptake by endothelial cells. Additionally, these data indicate that the proinflammatory cytokines IL-6 and TNF␣ may reduce insulin uptake, at least in part, by inhibiting caveolin-1 synthesis.
Caveolae are abundant in microvasculature, where (depending on the tissue) they can constitute ϳ15% of the total endothelial cell volume (42) . Several laboratories have reported that IRs colocalize with caveolae in the PM of adipocytes (14, 18) . While this was not without some controversy, recent EM immunocytochemsitry has convincingly shown that IRs are present throughout in the PM but are particularly concentrated at the neck of caveolae in 3T3-L1 adipocytes (11) . IGF-1Rs appear to have similar lipid raft/caveolae localization in the PM (16) . We (47) have previously reported that antibodies against IR and caveolin-1 mutually coimmunoprecipitate one another from bAECs, and others have reported that IR binds to caveolin-1 scaffolding domain through its caveolin-1 binding domain (7, 27) . IRs appear to mediate not only insulin uptake but also insulin TET when physiological insulin concentrations were used (2, 19) . Lack of saturation of insulin TET in muscle observed in some in vivo studies appears to be due to the higher insulin doses used in these studies (4, 15, 45) , which would allow additional binding and transport via IGF1Rs and hybrid IR/IGF-1R, both of which are abundant on vascular ECs (21, 47) . Using the same concentration of FITCinsulin (50 nM) as used in present study, we previously showed that both unlabeled insulin and IGF-I peptides compete with FITC-insulin for TET across bAECs grown on Transwell plates, indicating that both IR and IGF-1R can mediate insulin TET (47) .
Direct microscopic studies have shown that insulin TET follows a transcellular pathway in vivo (47) . Consistent with this, depletion of caveolae by use of filipin strongly inhibits vascular endothelial insulin uptake (47) and TET (39) without affecting TET of the polysaccharide inulin [which is similar to insulin in size but crosses the endothelium via a nonmediated diffusional path (39) ]. Compartmentation of insulin to caveolae might allow efficient and rapid coupling of activated receptors to one or more effector systems (13, 38) . Interestingly, albumin can bind to a surface receptor and initiate a process that enhances caveolin-1 oligomerization, caveolae formation, and albumin internalization within caveolae and its TET (25, 44) .
That caveolin-1 is required for the formation of caveolae has been demonstrated by the observations that either targeted deletion of the gene for caveolin-1 (Cav-1 Ϫ / Ϫ ) (9) or knockdown of caveolin-1 expression by use of specific siRNA (26) results in the loss of caveolae. In contrast, expression of exogenous caveolin-1 in lymphocytes (which are normally devoid of caveolae) induces the de novo formation of caveolae, and the level of caveolin-1 expression is directly correlated to the number of caveolae (12) . Another recently described protein (Cavin/PTRF) is also required for normal caveolae formation (22) , but its abundance in vascular ECs appears to be very low, and we failed to detect it using Western blots (data not shown). In addition, its role in endocytosis of proteins has not, to our knowledge, been explored. Until recently, caveolae were thought to be sessile structures with few free caveolae detectable in the cytosol of ECs (35) . However, a recent study using total internal reflectance microscopy has demonstrated the dynamic nature of caveolae trafficking in living cells, with about one-third of total cellular caveolae engaged in a rapid, local fission-fusion cycle with the PM (29) .
The mechanism by which caveolin-1 mediates insulin uptake is not clear. Caveolae not only mediate endocytosis/ transcytosis but also serve to regulate intracellular signaling by a variety of ligands via caveolin-1's scaffolding domain. We have previously shown that inhibition of insulin signaling at either PI 3-kinase or ERK1/2 significantly reduces EC FITCinsulin uptake (49) . In the present study, we found that knockdown of caveolin-1 decreased the amount of cellular IR (but not IGF-1R) in bAECs and eliminated insulin-stimulated IGF-1R recruitment to the PM. In the present study, caveolin-1 knockdown did not significantly affect insulin-stimulated IR recruitment to the PM. Compared with IGF-1R, bAECs express many fewer IRs (1), and this low abundance may have possibly limited our ability to detect small changes at the PM. Our present finding is consistent with a role of IGF-1Rs (in addition to IRs) in mediating insulin uptake when supraphysiological insulin concentration is applied (50 nM) (47) . It has been previously reported that in caveolin-1-null mice IR protein (not mRNA) expression was selectively inhibited in adipose tissue. This may have contributed to the insulin resistance seen in these mice (6) . Here, we also found that knockdown of caveolin-1 appeared to downregulate cellular IR protein expression (Fig. 3C) . Consistent with this observation, knockdown of caveolin-1 also appeared to blunt insulin-stimulated Akt1 phosphorylation. This is consistent with the previous finding in adipose tissue of caveolin-1 knockout mice (6) . This is also consistent with our previous observation that insulin signaling plays an important role in mediating its own uptake by vascular ECs (49) . On the other hand, insulin uptake by the cells transfected with the scrambled siRNA was slightly lower than in the control nontransfected cells. That might be attributed to a modest, nonspecific decrease of caveolin-1 expression. However, insulin uptake by cells transfected with scrambled siRNA was still significantly greater than by cells treated with caveolin-1 siRNA with a comparable insulin-stimulated Akt1 phosphorylation level. By contrast, transfection with caveolin-1 siRNA resulted in an ϳ70% reduction of caveolin-1 expression and a comparable inhibition of FITC-insulin uptake. Knockdown of caveolin-1 also eliminated insulin-induced caveolin-1 recruitment to the PM. Thus, although the reduced insulin uptake by bAECs after knockdown of caveolin-1 may be mainly due to reduced numbers of transporting caveolae (28) , the partially impaired intracellular insulin signaling might also contribute to this process. The increased insulin uptake following transfection with FLAG-caveolin-1 in both bAECs and caveolin-1 Ϫ/Ϫ MAECs is consistent with this conclusion.
In the present study, we found that IL-6 (20 ng/ml) and TNF␣ (20 ng/ml) treatment for 24 h each reduced insulin uptake and inhibited expression of both caveolin-1 mRNA and protein. IL-6 and TNF␣ treatment also significantly reduced caveolin-1 amounts at the PM. In a previous study we did not observe significant changes of caveolin-1 protein expression in the bAECs treated with a lower dose of TNF␣ (5 ng/ml) for a shorter time (6 h) (49) . However, that dose of TNF␣ inhibited insulin uptake, suggesting that other actions of TNF␣ also can adversely impact insulin uptake (20, 49) . This is consistent with the observation here that TNF␣ and IL-6 inhibited insulin uptake to a greater extent (on a percentage basis) than the observed decline in caveolin-1 protein. Previous studies have found that treatment of adipocytes with TNF␣ results in elimination of IR from the caveolae fraction (17) and dissociation of IR from caveolin-1 (18) . Very recently, we (48) found that pretreatment of cultured bAECs with either TNF␣ (20 ng/ml) or IL-6 (20 ng/ml) for 24 h significantly inhibited insulininduced IR/IGF-1R translocation to the PM and their colocalization with caveolin-1 at the PM. In other studies TNF␣ and IL-6 (20 ng/ml each for 24 h) have been found to inhibit IRS-1 expression and insulin-stimulated IRS-1 tyrosine phosphorylation, although insulin-stimulated IR tyrosine phosphorylation appeared unaffected (37) . In addition, IL-6 has recently been reported to impair insulin signaling in vascular ECs (52) . These findings suggest that these cytokines might inhibit insulin uptake not only through inhibition of caveolin-1 protein synthesis but also through inhibition of insulin signaling (20, 49, 52) .
Our current findings address only the first step by which insulin crosses the endothelium, i.e., endothelial uptake of insulin. Although it would seem desirable to examine the role of caveolin-1 in mediating insulin TET using either caveolin-1 Ϫ/Ϫ knockout mice or caveolin-1 Ϫ/Ϫ MAECs cultured on Transwell plates (47) , lack of caveolin-1 has been shown to induce a paracellular leak of macromolecules attributed to the loss of the tonic caveolin-1 inhibition of endothelial NO syntrhase activity that restrains paracellular pathway permeability (40) . Interestingly, although the caveolin-1-null mice on normal-chow diet showed an obvious insulin resistance during insulin tolerance testing, both their fasting and postprandial plasma insulin levels were surprisingly normal, consistent with a leaky endothelial barrier in these mice, minimizing hyperinsulinemia (6) . The findings presented here provide evidence that the pathway by which insulin uptake by vascular endothelial cells requires caveolin-1 and that this process is inhibited by proinflammatory cytokines that induce insulin resistance.
